ABSTRACT: Myofibrils were prepared from bovine muscles (cutaneous trunci, rectus abdominis, psoas major, and masseter) and compared between different aging periods at 4°C (0, 1, 2, 4, 8, and 16 d). Myofibrils were stained with an antibody directed against a 56-kDa fragment (FE-RE) of titin located in the Z-line region. Unaged myofibrils from all four muscles showed a single stained band at the Z-line with similar intensities. Postmortem time did not significantly affect the total amount of fluorescence in the sarcomere, suggesting the titin FE-RE epitope was not degraded nor were titin fragments containing this epitope released during storage. However, the fluorescence patterns were altered. The relative fluorescence intensity at the Z-line decreased but that in the I-band increased gradually, showing the translocation of some titin FE-RE epitopes during the aging period. This suggested that a cleavage occurred in a region of titin very close to the Z-line during postmortem storage. Usually the position of maximum fluorescence remained at the Z-line, although about 1/3 of the myofibrils from rectus abdominis showed a two-band pattern around the Z-line after 16 d of aging. The titin changes observed may be related to the increased fragility of the myofibril and the improvement of meat tenderness during postmortem storage.
Introduction
Titin (also called connectin) is a giant muscle protein ( ∼3,000 kDa) with single molecules extending from the Z-line to M-line (Maruyama et al., 1976; Wang et al., 1979; Fü rst et al., 1988) . Because of its cytoskeletal role and large content in muscle, the postmortem degradation of titin and its potential role in meat texture has been postulated. Titin degradation has been demonstrated by gel electrophoresis and Western blotting (Lusby et al., 1983; Bandman and Zdanis, 1988; Fritz and Greaser, 1991; Huff-Lonergan et al., 1995) . Native titin ( T 1 ) was degraded into a major degradation product, T2 ( ∼2,000 kDa; Wang et al., 1979; Kurzban and Wang, 1988) , and a 1,200-kDa subfragment (Matsuura et al., 1991; Takahashi et al., 1992 ) via a cleavage in the I-band region of the molecule (Fü rst et al., 1988) . Degradation of titin also produced T1-T2, which migrates between T1 and T2 (Fritz et al., 1993; Huff-Lonergan et al., 1995) and several low-molecular-weight products (Taylor et al., 1995; Ho et al., 1996) . Changes in the I-band region of titin have also been shown by immunofluorescence microscopy. Muscle sections and myofibrils showed transition from 2-to 4-band antititin staining pattern after 24 to 48 h of storage (Ringkob et al., 1988; Fritz and Greaser, 1991) .
Electron microscopy has shown myofibril breakage near the Z-line during postmortem storage (Davey and Gilbert, 1969; Davey and Graafhuis, 1976; Taylor et al., 1995) . The purpose of the current study was to determine whether changes occurred postmortem in titin immunofluorescence staining patterns near the Z-line and whether these changes were affected by muscle type.
Materials and Methods

Myofibril Purification
Five steers were slaughtered at the University of Wisconsin-Madison, Muscle Biology Laboratory, following standard procedures. Cutaneus trunci ( CT) , rectus abdominis ( RA) , and psoas major ( PM) samples and masseter ( MA) were removed from the carcass within 30 to 60 min postmortem (0-d samples). The carcasses and the entire excised masseter Figure 1 . Illustration of the regions of interest (ROI) in the sarcomere. The ROI Z, I-1 1 , I-1 2 , I-2 1 , and I-2 2 are each .27 × .45 mm and their long axes are perpendicular to the myofibril. The ROI I-Z-I is 1.35 × .45 mm and its long axis is parallel to the myofibril. The I-Z-I corresponds to the total area overlayed by Z, I-1 1 , I-1 2 , I-2 1 , and I-2 2 . The ROI Total has a .45 mm height but a variable width.
muscles were stored at 4°C. Samples from CT, RA, and PM muscles were excised from the carcasses at 24 h (1-d samples) and at 48 h postmortem (2-d samples). Pieces of the four muscles were individually vacuum-packaged and stored at 4°C. Samples were removed from each of the stored muscles at 4, 8, and 16 d postmortem. Purified myofibrils were prepared from the four unaged (0-d) and aged (1, 2, 4, 8, and 16 d ) muscles according to the procedure of Swartz et al. (1993) . Strips of muscle from 0-d and 1-d samples were tied to applicator sticks in order to maintain their in situ length; those from 2-d to 16-d samples, in which the rigor bonds have already occurred, were not tied. Myofibrils were stored in rigor buffer ( RB; 75 mM KCl, 2 mM MgCl 2 , 2 mM EGTA, 2 mM NaN 3 , 5 mM KH 2 PO 4 , pH 7.2) made to 50% glycerol (vol/vol) and 1 mM dithiothreitol at −20°C until they were used. This procedure for myofibril purification yields mostly single and long myofibrils, which are well suited for microscopy. This method also ensures that the myofibrils from 0-d muscles are in rigor before homogenization in order to prevent myofibril structural alterations (Locker et al., 1976) .
Immunostaining of Myofibrils
Glycerinated myofibril samples (.1 mL) were washed twice in 10 volumes of RB containing 1 mg/mL bovine serum albumin ( BSA-RB) . After each wash, the samples were pelleted by centrifugation at 13,500 × g for 10 s (Microfuge E, Beckman Instruments, Palo Alto, CA). The final myofibril pellets were resuspended in BSA-RB to a concentration of approximately 1 mg/mL. The myofibril suspension was gently smeared over No. 1.5 coverslips and after 2 min the unattached myofibrils were removed by dipping in RB. The myofibrils were incubated for 30 min at room temperature in a humid chamber with mouse serum, containing the characterized anti-titin polyclonal antibody FE-RE diluted 1:800 (Sebestyén et al., 1995) . The myofibrils were washed ( 2 × 5 min) in RB and then incubated for 30 min at room temperature in a dark humid chamber with Texas Red-labeled secondary antibody diluted 1:20 in BSA-RB. To avoid bleaching of the fluorescence, the light was reduced until the end of the immunostaining procedure. After unbound antibody was washed away ( 2 × 5 min) in RB, myofibrils were fixed in 4% formaldehyde for 5 min, washed ( 2 × 5 min) in RB, and then the coverslips were mounted on glass slides in mounting medium (70% glycerol [vol/vol] , 75 mM KCl, 2 mM MgCl 2 , 2 mM EGTA, 10 mM Tris-HCl, pH 8.5) containing p-phenylenediamine ( ∼1 mg/mL). After excess mounting medium was removed, the coverslips were sealed with nail polish and stored at −20°C in the dark. Control samples without primary antibody were evaluated in parallel.
Imaging and Fluorescence Quantification
Myofibrils were viewed with a Nikon Diaphot microscope (Fryer Company, Carpentersville, IL), equipped for phase contrast and epifluorescence illumination, using a 100× oil-immersion objective (NA 1.4). Images were captured with a cooled CCD camera (Thomson 7883, Photometrics Ltd., Tucson, AZ) controlled by a Matrox board using IPLab spectrum software (Signal Analytics, Vienna, VA) in a Power Macintosh 8100/100 AV computer. The images were obtained by first acquiring the phase contrast image and then the corresponding fluorescence image. Exposure times were .2 and 2 s, respectively. Fluorescent images of an adjacent empty field were taken and directly subtracted from each myofibril fluorescent image. This gave a light-intensity value close to zero for the region of the image not occupied by the myofibril. For fluorescence quantification, phase contrast and fluorescent images were rotated so that the myofibril was parallel to the horizontal axis of the image frame, and then enlarged twofold. The pixel position of the Z-lines of three contiguous sarcomeres and the sarcomere length were determined from the phase contrast images. The mean fluorescence intensity of seven rectangular regions of interest ( ROI) were then measured from the fluorescence images (see Figure 1 ). The Z ( 3 pixels wide × 5 pixels tall; .27 × .45 mm ) was centered on the Z-line. The I-1 1 and I-1 2 ( 3 × 5 pixels each) were located on each side of Z, and I-2 1 and I-2 2 ( 3 × 5 pixels each) flanked the I-1 1 and I-1 2 , respectively. These four ROI overlayed the I-band and sometimes, depending on the sarcomere length, the edge of the A-band. The I-Z-I ROI (15 × 5 pixels [1.35 × .45 mm]) corresponded to the total area overlayed by Z, I-1 1 , I-1 2 , I-2 1 , and I-2 2 . The mean of fluorescence intensity of each ROI was measured from three contiguous sarcomeres (i.e., four Z-lines) in each myofibril. The ROI Total covered three contiguous sarcomeres including the surrounding Z-lines at both extremities of the ROI. This ROI exhibited a typical 5 pixels width but a variable length according to the sarcomere length of the myofibril. The fluorescence-intensity profiles from the ROI Total were plotted as a function of the myofibril long axis to assess the changes in the fluorescence location during postmortem storage. All fluorescence intensity data represent the mean of five to nine myofibrils from three contiguous sarcomeres (i.e., four Z-lines) per sample. Immunofluorescence data were measured from three repetitions for CT, RA, and PM muscles and two repetitions for MA muscle. Because the fluorescence mean intensity and the staining pattern could be affected by the sarcomere length, myofibrils with a consistent sarcomere length were analyzed at each time postmortem, for each muscle.
Statistical Analysis
All statistical analyses were performed with the SAS General Linear Models procedure (SAS, 1990) . For each muscle type, a two-way analysis of variance was performed to assess the effect of postmortem time on the fluorescence measurements. The response variable was from each animal, each time, and each myofibril. Postmortem time and animal were used as main effects, postmortem time × animal as error term, and the sarcomere length as a covariate.
A split-plot analysis was performed to assess the overall effect of postmortem time and muscle type on the fluorescence measurements. The muscle type was the whole-plot treatment and the postmortem time was the subplot treatment. The response variable was from each muscle type, each animal, each time, and each myofibril. The sarcomere length was again used as a covariate.
To further refine the effect of muscle type, a oneway analysis of variance was performed for each postmortem time. The response variable was from each animal, each time, and each myofibril. Muscle type was the main effect, animal (muscle type) the error term, and sarcomere length the covariate.
Results
Staining Pattern of Unaged Myofibrils
Comparison of phase contrast and fluorescent images showed that unaged myofibrils from the four muscle types stained an intense single band at the Zline (Figures 2a, 3a , 4a, and 5a). The histogram plot of fluorescence intensity vs pixels (long axis of the myofibrils) revealed a Gaussian peak with a maximum centered at the Z-line (Figure 6 ). Similar staining patterns have been previously obtained using the same serum against myofibrils from rabbit skeletal and cardiac, embryonic chicken skeletal, and bovine cardiac muscles (Sebestyén et al., 1995) .
Analysis of variance showed that the total amount of FE-RE antibody bound by unaged myofibrils was not muscle type-dependent ( P = .9230), although the fiber content of the four muscles analyzed was different. Cutaneus trunci is composed of 100% fasttwitch fibers (Picard et al., 1994) , rectus abdominis of approximately 60% fast-twitch fibers (Lacourt, 1973) , psoas major of about equal amount of fast-and slowtwitch fibers (Hunt and Hedrick, 1977) , and the masseter of 100% slow-twitch fibers (Picard et al., 1994) .
Effect of Postmortem Storage on the Staining Pattern of the Myofibrils
Increasing postmortem time did not alter the overall fluorescence intensity in the sarcomeres of any of the four muscles examined ( Figure 7 and Table 1 ). However, direct measurement of the fluorescence intensity in the myofibril must be taken with caution because the amount of fluorescence could be strongly related to variations in myofibril morphology (diameter and sarcomere length), antibody preparations, and also fluorescent light. To further refine the analysis, the relative amount of FE-RE antibody bound in different regions of the sarcomere was estimated using a ratio approach. Thus, the Z, [(I-1 1 + I-1 2 )/2], and [(I-2 1 + I-2 2 )/2] to I-Z-I fluorescence intensity ratios were determined to assess the effect of postmortem time and muscle type on FE-RE antibody binding.
Postmortem time significantly affected relative fluorescence intensity in the different ROI of CT, RA, and PM muscles ( Table 1) (Figures 9  and 10 ). This indicated that FE-RE epitopes shifted from the Z-line to the I-band. The translocation of the FE-RE epitopes started very early postmortem because fluorescence decrease at the Z-line ( Z ) was significant after only 1 d of storage ( P = .0358, P = .0003, and P = .0036 for CT, RA, and PM, respectively). However, the fluorescence intensity enhancement in the I-band was only significant for the RA and PM muscles ( P = .0009 for I-1 and P = .0006 for I-2 of RA; P = .0431 for I-1 and P = .0052 for I-2 of PM). In CT muscle, changes in fluorescence occurred after 2 ( P = .0343) and 4 d ( P = .004) of storage for I-2 and I-1, respectively. The fluorescence translocation from the Z-line to the I-band mainly occurred during the first 4 and 8 d of storage for PM and RA muscles, respectively, and the fluorescence intensity in the I-band still increased until 16 d of storage for CT muscle (Table 2) . Despite the FE-RE epitope rearrangement in the sarcomere during postmortem aging, the maximum of the fluorescence remained at the Z-line in most muscle samples. After 16 d of storage, mean fluorescence intensity at the Z-line ( Z ) was about 1.6-fold for CT and PM and 1.4-fold for RA higher than that from the Z-line and surrounding I-bands (I-Z-I) (Figure 8 ). This suggests that some FE-RE epitopes did not move from their original location in the Z-line during postmortem aging. However, about 1/3 of the myofibrils from RA muscles showed a two-band pattern, with two fluorescence maxima on each side of Statistical analysis did not show a significant effect of postmortem time on fluorescence translocation from the Z-line to the I-band for the masseter muscle (Table 1) . However, some microscopic observations showed translocation of fluorescence into the I-band in about 1/5 of MA myofibrils after 8 d and 1/3 after 16 d of storage ( Figure 5 ). Myofibrils from MA muscle exhibited very short sarcomere lengths (2.2 ± .06 mm) compared with those of myofibrils from CT (2.76 ± .06 mm), RA (2.76 ± .03 mm), or PM (2.78 ± .06 mm).
Thus, even if titin cleavage occurred in masseter myofibrils, the lower titin tension at short sarcomere lengths might be insufficient to move the titin FE-RE epitopes and alter the staining appearance.
Effect of Muscle Type on the Changes in Staining Pattern During Postmortem Aging
The postmortem time usually affected the changes in fluorescence intensity independently of muscle type ( P = .7152, P = .7663, and P = .9111 for the fluorescence intensity of Total, Z/I-Z-I, and I-2/I-Z-I, respectively), except in the ROI I-1 ( P = .0023). The one-way analysis of variance performed at each postmortem time showed differences among muscles in the relative fluorescence intensity of the ROI I-1 1 and I-1 2 after 1 d of storage (Table 3) . Between 1 and 16 d of aging, the RA muscle displayed the highest relative intensity in this region of the sarcomere and the MA muscle the smallest. The CT and PM never differed significantly among postmortem time and exhibited a relative fluorescence intensity intermediate to those of RA and MA muscles. After 1 d of storage and at all subsequent times postmortem, RA and MA muscles differed significantly. Differences between CT and PM muscles and MA muscle were significant at 2 and 4 d of aging, whereas RA muscle was significantly different from CT and PM muscles only at 2 d postmortem. Although the differences between muscle were not always significant (Table  3) , muscle type could affect the translocation of the FE-RE epitope into the part of the I-band closest to the Z-line. The translocation was maximal in the myofibrils of RA muscle, intermediate in those of CT and PM muscles, and minimal in those of MA muscle.
Discussion
The anti-titin serum used in our experiment contained a polyclonal antibody directed to a 56-kDa segment (FE-RE) of rabbit cardiac titin located in the Z-line region of titin. According to the cDNA sequence of rabbit (Sebestyén et al., 1995) and human (Labeit and Kolmerer, 1995) cardiac titin, the FE-RE segment contains the Z6 to Z9 type II motifs and the interdomains 5 and 6 of the Z-line region of titin. However, the prediction of the exact distance of the FE-RE epitope from the central part of the Z-line seems hazardous because the length of titin interdomains are not well defined and have been shown to be muscle type-dependent. For instance, the second interdomain of the Z-line region of titin is assembled from a 45 residue repeat in variable copy numbers according to muscle type (Gautel et al., 1996; Peckham et al., 1997) . The FE-RE epitope location is thus approximately 20 to 90 nm away from the central part of the Z-line, considering that each type II domain is 4 nm long and that the T12 monoclonal antibody, directed to the first type II repeats of the titin I-band part (Labeit and Kolmerer, 1995; Sebestyén et al., 1995) , stains about 100 nm from the Zline (Fü rst et al., 1988) . Because titin molecules entering the Z-line from two contiguous half-sarcomeres do not significantly overlap (Gautel et al., 1996) , a two-band staining pattern for the FE-RE antibody should be expected. However, the resolution of the microscope and the CCD camera used in our study was not high enough to distinguish the two fluorescent bands around the Z-line.
The polyclonal FE-RE antibody stained the Z-line of myofibrils from the four muscle types with similar Figure 10 . Postmortem changes in the ratio of fluorescence intensity of the region of interest (ROI) I-2 (mean value of I-2 1 and I-2 2 ) to ROI I-Z-I. Fluorescence intensity measurements and standard errors (vertical bars) at each time are from three animals for the cutaneus trunci (ÿ), rectus abdominis (⁄), and psoas major (o) muscles, and from two animals for the masseter muscle (◊). (Sebestyén et al., 1995) . The region of titin between the Z-line and the N1-line, which is located about 100 nm away from the Zline, has been shown to be inextensible upon physiological stretching . Thus, it is likely that the translocation of FE-RE epitopes to the I-band resulted from a cleavage, which would occur between the Nterminus and the FE-RE regions of the molecule. Because the titin is under tension at long sarcomere lengths, the cleaved molecules would move toward the A-band. The cleavage of titin next to the Z-line supports results of Taylor et al. (1995) , which described postmortem breakages of myofibril in the Iband adjacent to the Z-line, and not in the Z-line. Moreover, the muscle-specific calpain, p94, has been shown to bind the Z-line and N2-line regions of titin (Sorimachi et al., 1995) . These authors suggested that p94 is responsible for the T1 conversion into T2. According to our results, p94 could also be involved in the titin splitting near the Z-line.
Increasing postmortem time did not decrease the overall fluorescence amount in the sarcomere. This indicated that the FE-RE epitopes were not degraded during the aging period. Moreover, the FE-RE epitopes remained in the Z-line and I-band because no fluorescence enhancements have been reported in the A-band during the aging period (data not shown). The native titin T1 has been shown to be degraded very early postmortem into T2 (Wang et al., 1979; Maruyama, 1986 ) and a 1,200-kDa fragment (Matsuura et al., 1991) . The T2 is largely located in the Aband (C-terminus of T1), whereas the 1,200-kDa fragment is located in the I-band (N-terminus of T1) (Kimura et al., 1992) . The amount of both of these proteolytic fragments has been reported to increase in the first stage of postmortem aging (Fritz and Greaser, 1991; Huff-Lonergan et al., 1995; Taylor at al., 1995) . However, studies differed considerably in the reported rate of this event. Fritz and Greaser (1991) still observed some titin T1 after 16 d postmortem, whereas other reports showed the complete T1 conversion into T2 after 3 to 14 d of storage according to muscle type (Bandman and Zdanis, 1988; Huff-Lonergan et al., 1995; Taylor et al., 1995; Ho et Huff-Lonergan et al., 1996) . The exact location of the cleavage of T1 into T2 and the 1,200-kDa fragment also remains uncertain, but it has been shown to occur about 340 to 400 nm from the Zline in skeletal muscle (Suzuki et al., 1994; Tanabe et al., 1994; Tskhovrebova and Trinick, 1997) , near the N2 line in the I-band (Kimura et al., 1992; Kawamura et al., 1995) . Thus, titin could be cleaved at least in two locations during the early postmortem stage: near the N2 line in the I-band and, according to our results, close to the Z-line. Because the FE-RE epitope remained in the Z-line and I-band during postmortem aging, the titin probably binds the thin filament somewhere between these two cleavage points. This hypothesis is supported by previous in vitro experiments that showed that titin and some of its fragments bind F-actin (Maruyama et al., 1987; Kimura et al., 1992; Jin, 1995; Kellermayer and Granzier, 1996a, b) . According to Linke et al. (1997) and Trombitas et al. (1997) , titin seems to associate firmly with the thin filament between the Z-line and the N1 line, but would be independent or only weakly bound to the thin filament in the rest of the I-band. Therefore, our results suggested that titin-actin interactions between the Z-line and the N1-line might be weakened during postmortem aging, because the FE-RE epitope are free to move away from the Z-line.
Our results suggest that the cleavage of titin near the Z-line occurs after only 1 d of storage, whereas conversion of T1 into T2 needs at least 3 d to be completed. Thus, the cleavage near the Z-line likely affects T1 and 1,200-kDa fragment. If the Z-line cleavage occurs first on T1, the titin tension can move the FE-RE epitopes into the I-band. If titin is cleaved into T2, the Z-line region of the molecule is not under tension, and, consequently, the FE-RE epitopes do not move into the I-band after the molecule has been cleaved near the Z-line (Figure 11 ). Whatever the muscle type, the maximum of fluorescence usually remained at the Z-line even after 16 d of storage. A first explanation is that a substantial amount of the T1 to T2 conversion occurs before the Z-line cleavage. Another hypothesis is that only part of the titin molecules have been cleaved near the Z-line during postmortem aging. However, about 1/3 of the myofibrils from RA muscle displayed a two-band pattern after 16 d of storage. Thus, in these myofibrils, the proportion of titin molecules, cleaved near the Z-line, could be greater and(or) the cleavage could mainly affect native titin ( T 1 ) (i.e., could occur before the T1 conversion into T2). The statistical analysis confirmed that titin degradation in RA muscle occurred earlier and to a greater extent than that in the other muscles. However, the MA should not be considered in this comparison because the sarcomere length and fiber types are considerably different from those of the other muscles examined in this study.
Implications
The region containing the type II domains 6 to 9 of the Z-line region of titin (FE-RE) gradually shifted away from the Z-line during postmortem aging of bovine muscle, suggesting that a cleavage had occurred between this region and the N-terminus of the molecule. The FE-RE titin region was not degraded and remained bound to the myofibrils even after 16 d of storage. The rearrangement of the Z-line region of titin during postmortem aging has not been observed previously, but it may be related to Z-line breakdown observed by electron microscopy and changes in myofibril fragmentation that occur postmortem. The titin changes described here may play a role in the improvement of meat tenderness during postmortem storage.
